The possibility of pathological calcium metabolism is a critical health concern introduced by long-term space travel. Because vitamin D plays an important role in calcium homeostasis, we evaluated the effects of hypergravity on the expression of genes involved in vitamin D and calcium metabolism in ICR mice. When exposed to 2G hypergravity for 2 days, the mRNA expression of renal 25-hydroxyvitamin D 24-hydroxylase (Cyp24a1) was increased and that of 25-hydroxyvitamin D 1␣-hydroxylase (Cyp27b1) was decreased. Although hypergravity decreased food intake and increased the expression of starvation-induced genes, the changes in Cyp24a1 and Cyp27b1 expression were not due to starvation, suggesting that hypergravity affects these genes directly. Hypergravity decreased plasma 1␣,25-dihydroxyvitamin D3 levels in ICR mice, suggesting a consequence of decreased Cyp27b1 and increased Cyp24a1 expression. Although 1␣-hydroxyvitamin D3 [1␣(OH)D3] treatment induced the expression of vitamin D receptor (VDR) target genes in the kidney of 2G-exposed ICR mice to similar levels as controls, 1␣(OH)D3 increased the intestinal expression of Cyp24a1 in ICR mice. Hypergravity-dependent changes of Cyp24a1 and Cyp27b1 expression were diminished in mice exposed to hypergravity for 14 days, which may represent an adaptation to hypergravity stress. Hypergravity exposure also increased Cyp24a1 expression in the kidney of C57BL/6J mice. We examined the effects of hypergravity on VDRnull mice and found that renal Cyp27b1 expression in VDR-null mice was decreased by hypergravity while renal Cyp24a1 expression was not detected in VDR-null mice. Thus hypergravity modifies the expression of genes involved in vitamin D metabolism. 12), and vitamin D 2 is less effective than vitamin D 3 in maintaining serum 25(OH)D levels (1). Vitamin D deficiency, mainly caused by inadequate sun exposure, results in rickets and osteomalacia, and is also associated with increased risk of cancer, autoimmune disease, infection, and cardiovascular disease (10). 1,25(OH) 2 D 3 exhibits physiological and pharmacological effects by binding to the vitamin D receptor (VDR; NR1I1), a transcription factor of the nuclear receptor superfamily, which is highly expressed in the target organs of calcium homeostasis, such as the intestine, bone, kidney, and parathyroid glands (6, 21). VDR regulates the expression of many target genes, including 25-hydroxyvitamin D 24-hydroxylase (CYP24A1), calbindin D9k, and transient receptor potential vanilloid type 6 (TRPV6).
VITAMIN D PLAYS A ROLE IN various physiological processes, including bone and calcium metabolism, cellular growth and differentiation, immunity, and cardiovascular function (21, 24) . Vitamin D is a secosteroid, in which the B ring of the canonical steroid structure is ruptured, and is synthesized from 7-dehydrocholesterol, an intermediate metabolite in cholesterol synthesis, or derived from dietary sources (14) . Ultraviolet irradiation in sunlight-exposed skin induces a photochemical reaction of 7-dehydrocholesterol to produce the secosteroid vitamin is also synthesized by CYP27B1 expressed in extrarenal tissues, such as macrophages, and is suggested to exert noncalcemic effects (9) . Dietary vitamin D 2 (ergocalciferol) and vitamin D 3 undergo the same activation process, involving 25-hydroxylation in the liver and subsequent 1␣-hydroxylation in the kidney. 1,25(OH) 2 D 2 is catabolized differently from 1,25(OH) 2 D 3 (12) , and vitamin D 2 is less effective than vitamin D 3 in maintaining serum 25(OH)D levels (1) . Vitamin D deficiency, mainly caused by inadequate sun exposure, results in rickets and osteomalacia, and is also associated with increased risk of cancer, autoimmune disease, infection, and cardiovascular disease (10) . 1,25(OH) 2 D 3 exhibits physiological and pharmacological effects by binding to the vitamin D receptor (VDR; NR1I1), a transcription factor of the nuclear receptor superfamily, which is highly expressed in the target organs of calcium homeostasis, such as the intestine, bone, kidney, and parathyroid glands (6, 21) . VDR regulates the expression of many target genes, including 25-hydroxyvitamin D 24-hydroxylase (CYP24A1), calbindin D9k, and transient receptor potential vanilloid type 6 (TRPV6).
Bone mineral loss is one of the critical health concerns raised by the prospect of long-term space travel (19, 29) . Space flight induces uncoupled bone remodeling, including increased bone resorption and urinary calcium excretion and decreased calcium absorption. Vitamin D deficiency due to the absence of ultraviolet light and decreased dietary intake of vitamin D during space flight has been considered to be one reason for dysregulated bone and calcium metabolism (30) . Supplemental vitamin D and calcium intake increase blood calcium levels, decrease 1,25(OH) 2 D 3 levels, decrease bone formation, and increase bone resorption markers (7) . Decreased levels of parathyroid hormone have been observed during space flight and may cause decreased 1,25(OH) 2 D 3 levels (30). Thus endocrine regulation by vitamin D does not function to correct calcium balance in the microgravity environment. Interestingly, the evolutionary transition from aquatic to terrestrial life has required that animals adapt to gravity stress and sunlight (ultraviolet) exposure. These findings suggest that the vitamin D-signaling cascade is physiologically associated with gravity response mechanisms. In this study, we investigated the effects of hypergravity stress on expression of VDR target genes in mouse and found that hypergravity modulates the expression of vitamin D-metabolizing enzymes.
MATERIALS AND METHODS
Centrifuge. The centrifuge has four arms with a radius of 70 cm, and the end of each arm is equipped with a gondola (width 480 ϫ depth 350 ϫ height 300 mm) made from white acrylic to carry one cage (17) . Because these gondolas can swing out when subjected to centrifugal force, the gravity vector is always through the floor of the cage. Different rotations were used to achieve different gravitational fields. Mice could reach food and water as in a usual cage condition.
Animals. ICR (Institute for Cancer Research) mice and C57BL/6J mice at 9 wk old were obtained from Charles River Laboratories Japan (Yokohama, Japan) and were maintained under controlled temperature (24 Ϯ 1°C) and humidity (30 -80%) with free access to water and food (CRF-1; Oriental Yeast, Tsukuba, Japan). Two mice were housed together in one cage. Mice were exposed to hypergravity in a centrifuge with a 12:12-h light-dark cycle (17) . The centrifuge was stopped daily for 20 min for body weight measurement, food and water maintenance, and injection. At the end of the centrifuge, mice were killed, tissues were collected, and blood was obtained by heart puncture with a heparinized syringe. Blood samples were immediately centrifuged to obtain plasma. Plasma glucose, triglyceride, and free fatty acid were quantified with Glucose B-Testwako, Triglyceride E-Testwako, and NEFA C-Testwako (Wako Pure Chemical Industries, Osaka, Japan), respectively. Plasma levels of 1,25(OH) 2D3 and 25(OH)D3 were measured by radioimmunoassay (SRL, Tokyo, Japan). For examination of the effects of vitamin D, mice were injected intraperitoneally with 12.5 nmol/kg 1␣(OH)D 3 (alfacalcidol), which was kindly provided by Dr. Yoji Tachibana (Nisshin Flour Milling, Tokyo, Japan), 16 h before death. 1␣(OH)D 3 was diluted in PBS before injection (13) . VDR-null (Vdr Ϫ/Ϫ ) mice and control wild-type (Vdr ϩ/ϩ ) mice were generated from C57BL/6J Vdr ϩ/Ϫ mouse breeding (31) . These mice were raised on a high-calcium and high-lactose diet, CLEA Rodent Diet CE-2 (CLEA Japan, Tokyo, Japan) supplemented with 2% calcium, 1.5% phosphate, and 20% lactose, to normalize the blood ionized calcium levels in Vdr Ϫ/Ϫ mice (25) . The experimental protocol adhered to the Guidelines for Animal Experiments of the Nihon University School of Medicine and was approved by the Ethics Review Committee for Animal Experimentation of the Nihon University School of Medicine.
Real-time quantitative RT-PCR analysis. Total RNAs from samples were prepared by the acid guanidine thiocyanate-phenol/chloroform method (27) . cDNAs were synthesized using the ImProm-II Reverse Transcription system (Promega, Madison, WI). Real-time PCR was performed on the ABI PRISM 7000 Sequence Detection System (Applied Biosystems, Foster City, CA) using Power SYBR Green PCR Master Mix (Applied Biosystems). Some primer sequences have been reported previously (13, 27) , and others are listed in Table 1 . The mRNA values were normalized to the expression level of glyceraldehyde-3-phosphate dehydrogenase mRNA.
Microarray analysis. Total RNAs were isolated from the kidney of ICR mice (n ϭ 3 for 1G control and n ϭ 4 for 2G hypergravity) using Isogen (Nippon Gene, Tokyo, Japan) and the RNeasy Mini Kit (QIAGEN, Valencia, CA) according to instructions by Affymetrix (Santa Clara, CA). Equivalent amounts of RNA were pooled, and 10-g samples were used for microarray analysis performed by Kurabo Industries (Osaka, Japan) using a GeneChip mouse genome 430 2.0 array (Affymetrix). Data were analyzed using the GeneChip Operating System software (Affymetrix).
Statistical analysis. Values are presented as means Ϯ SD. Variables were compared using Student's t-test (2-tailed), one-way ANOVA, or two-way ANOVA as indicated in the legends for Figs. 1-7 in conjunction with the Student-Newman-Keuls test. The analysis was performed using SigmaStat (Cranes Software International, Karnataka, India).
RESULTS

Effects of hypergravity on gene expression in ICR mice.
Hypergravity exposure in rodents decreases body mass because of reduced food and water intake, and hypergravity of more than 2G inhibits the rate of body mass gain in rats (17) . Because ICR mice can adapt to and reproduce in a 2G environment (16, 28), we utilized ICR mice for hypergravity experiments to minimize the secondary effect of reduced food and water intake. As reported previously in rat experiments (17) , exposure to 2G hypergravity decreased body weight and food intake at day 1 (Fig. 1A) . Mice subjected to 2G hypergravity for 2 days recovered food intake and stabilized body weight. Plasma glucose was slightly decreased, but triglyceride and free fatty acid levels did not change in mice at 2G (Fig.  1B) . We examined renal mRNA expression of Cyp24a1, an enzyme that inactivates vitamin D 3 , and Cyp27b1, an enzyme that produces 1,25(OH) 2 D 3 , in ICR mice exposed to 2G hypergravity for 2 days. Interestingly, hypergravity increased Cyp24a1 expression sevenfold and decreased Cyp27b1 expression to 17% of the control value (Fig. 1C) . We examined the effects of 4G hypergravity on renal Cyp24a1 and Cyp27b1 expression in ICR mice and observed similar changes in gene expression, but the large variation was probably due to the toxic effects of hypergravity, and a dose-dependent effect of gravity on gene expression was not observed (data not shown). We performed microarray analysis to compare RNAs purified from the kidney of ICR mice subjected to 2G hypergravity with those from 1G control mice. We identified genes whose ex- pression was altered by hypergravity using DNA microarray [Supplemental Tables 1 and 2 (Supplemental data for this article may be found on the American Journal of Physiology: Endocrinology and Metabolism website.)] and confirmed increased expression for these genes with real-time quantitative PCR: cytochrome P-450 4a10 (Cyp4a10), Cyp4a14, and HMG-CoA synthase 2 (Hmgcs2) (Fig. 1D) . Hypergravity of 2G for 2 days induces altered gene expression of Cyp24a1, Cyp27b1, Cyp4a10, Cyp4a14 and Hmgcs2 in the kidney of ICR mice. CYP4A10 and CYP4A14 are enzymes involved in fatty acid oxidation, HMG-CoA synthase 2 is involved in ketogenesis, and all these genes are induced in the starvation response (5, 8) . To examine whether gene expression changes are mediated by hypergravity-induced starvation, we maintained ICR mice under fasting conditions for 2 days. Fasting did not change Cyp24a1 expression but increased Cyp27b1 expression in the kidney of ICR mice (Fig. 2) . As reported previously, expression of Cyp4a10, Cyp4a14, and Hmgcs2 was highly increased in fasted mice. These findings indicate that hypergravity increases Cyp24a1 expression and decreases Cyp27b1 expression in the kidney by a starvation-independent mechanism while increased expression of Cyp4a10, Cyp4a14, and Hmgcs2 is likely secondary to hypergravity-associated starvation.
Effects of hypergravity on vitamin D-dependent gene expression in ICR mice. To examine the effects of hypergravity on vitamin D-regulated gene expression, we treated mice with 1␣(OH)D 3 via intraperitoneal injection. 1␣(OH)D 3 is rapidly converted to 1,25(OH) 2 D 3 after injection and is more effective than 1,25(OH) 2 D 3 in prolonging survival time in a mouse model of leukemia (11) . As reported previously (13, 27) , 1␣(OH)D 3 induced mRNA expression of VDR target genes, Cyp24a1, calbindin D9k, Trpv5, and Trpv6, in the kidney of ICR mice (Fig. 3A) . 1␣(OH)D 3 increased the expression of these genes in mice under 2G hypergravity as effectively as in 1G control mice. Vdr is a known VDR target gene (32) , and the slight 1␣(OH)D 3 -induced increase was observed. Vdr gene expression was unaffected by hypergravity. Hypergravity decreased Cyp27b1 expression as shown in Fig. 1C , and 1␣(OH)D 3 treatment further decreased Cyp27b1 mRNA levels in 2G hypergravity-exposed mice to the levels in 1G control mice (Fig. 3A) . Renin is another negatively regulated VDR target (20) . Although 1␣(OH)D 3 decreased the expression of renin in both 1G control and 2G hypergravity mice, this decrease was not significant. Thus, although hypergravity induces increased Cyp24a1 expression and decreased Cyp27b1 expression in the kidney of ICR mice, it does not alter the effects of vitamin D on the renal expression of these genes. We next examined the effects of hypergravity on VDR-target gene expression in the intestine of ICR mice. As in the kidney, 2G hypergravity increased Cyp24a1 expression in the intestine (Fig. 3B) . Interestingly, 1␣(OH)D 3 increased Cyp24a1 expression in 2G-exposed mice more effectively than in 1G control mice. 1␣(OH)D 3 induced calbindin D9k expression in the Fig. 2 . Effects of starvation on renal mRNA expression of Cyp24a1, Cyp27b1 (A), Cyp4a10, Cyp4a14, and Hmgcs2 (B). ICR mice were maintained with free access to water and food (Fed) (n ϭ 11) or with water only (Fast) (n ϭ 12) for 2 days. Values for normalized mRNA expression are relative to those of fed control mice. Variables were compared using a 2-way repeated-measures ANOVA. *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001. Fig. 1 . Effects of 2-day exposure to 2G hypergravity in ICR mice. A: body weight change and food intake. Variables were compared using a 2-way repeated-measures ANOVA with time (days) and interventions (1G and 2G). P Ͻ 0.001 vs. 1G control mice (***) and vs. 0-day mice (###). B: plasma glucose, triglyceride, and free fatty acid (FFA) levels. C: renal mRNA expression of vitamin D-metabolizing enzymes 25-hydroxyvitamin D 24-hydroxylase (Cyp24a1) and 25-hydroxyvitamin D 1␣-hydroxylase (Cyp27b1). D: renal mRNA expression of cytochrome P-450 4a10 (Cyp4a10) and 4a14 (Cyp4a14) and HMG-CoA synthase 2 (Hmgcs2). ICR mice were maintained under 1G control condition (n ϭ 5) or 2G hypergravity (n ϭ 6) with free access to water and food for 2 days. Values for normalized mRNA expression are relative to those of 1G control mice. *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001.
intestine, but was less effective under 2G hypergravity. A similar tendency was observed in Trpv6 expression, although it was not significant due to large variation. The effects of hypergravity and 1␣(OH)D 3 treatment on intestinal Vdr expression were marginal.
Effects of long-term exposure to hypergravity in ICR mice. Our previous study showed that rats gain body weight from day 7 to day 14 under 2G hypergravity as well as 1G control rats (17) , suggesting that rats have an adaptation mechanism for hypergravity. We maintained ICR mice under 2G hypergravity for 2 wk. Hypergravity-exposed ICR mice lost body weight for first 2 days and then began to gain weight at day 3 (Fig. 4A) . The body weight of ICR mice exposed to 2G hypergravity became similar to the control mice at day 5. We treated mice with 1␣(OH)D 3 for the last 16 h of the experiment, and examined renal mRNA expression of Cyp24a1 and Cyp27b1. Unlike hypergravity exposure for 2 days, 2 wk hypergravity exposure did not change Cyp24a1 and Cyp27b1 expression in 1␣(OH)D 3 -untreated ICR mice (Fig. 4B) , suggesting that longterm hypergravity exposure induces an adaptive response in mice. 1␣(OH)D 3 treatment increased Cyp24a1 and decreased Cyp27b1 expression in 2G-exposed mice as effectively as in 1G control mice.
Effects of hypergravity on gene expression in Vdr-null mice. ICR mice are a strain tolerant to hypergravity and can be passage-bred in a 2G environment (16, 28) . We examined the effects of hypergravity on Cyp24a1 and Cyp27b1 expression in C57BL/6J mice. Exposure of C57BL/6J mice to 2G hypergravity strongly decreased body weight and inhibited food intake (Fig. 5A) , suggesting that C57BL/6J mice are more sensitive to hypergravity stress than ICR mice. Hypergravity increased the expression of Cyp24a1 in the kidney of C57BL/6J mice at 12 and 24 h (Fig. 5B) . Cyp27b1 expression was increased at 6 h and decreased after 12 h. Next, we exposed VDR-null mice to 2G hypergravity to examine whether changes of gene expression are mediated by a VDR-dependent mechanism. C57BL/6J Vdr ϩ/ϩ mice, Vdr ϩ/Ϫ mice, and Vdr Ϫ/Ϫ mice were fed with a high-calcium diet to maintain blood calcium levels. Exposure of 2G hypergravity for 24 h decreased the body weight of Vdr ϩ/ϩ mice, Vdr ϩ/Ϫ mice, and Vdr Ϫ/Ϫ mice to the same levels without affecting plasma calcium levels (Fig. 6A) . As expected, Vdr ϩ/Ϫ mice expressed one-half of wild-type levels of renal Vdr mRNA, and Vdr mRNA was not detected in Vdr Ϫ/Ϫ mice when using PCR primers for exon 2 (Fig. 6B ). Mean Cyp24a1 expression was increased in the kidney of Vdr ϩ/ϩ mice by 2G hypergravity (P ϭ 0.07 vs. 1G control). Renal Cyp24a1 expression was not detected in Vdr Ϫ/Ϫ mice under the 1G control condition or 2G hypergravity, indicating that Cyp24a1 induction by hypergravity requires VDR expression. Hypergravity increased Cyp27b1 expression in the kidney of Vdr ϩ/ϩ and Vdr ϩ/Ϫ mice. As reported previously (31), Vdr Ϫ/Ϫ mice had high expression of Cyp27b1. The Cyp27b1 expression in Vdr Ϫ/Ϫ mice was slightly decreased by hypergravity. Hypergravity increased the expression of Cyp4a10, Cyp4a14, and Hmgcs2 in the kidney of Vdr ϩ/ϩ , Vdr ϩ/Ϫ , and Vdr Ϫ/Ϫ mice. These findings suggest that the hypergravityinduced increase of Cyp27b1 expression in Vdr ϩ/ϩ and Vdr ϩ/Ϫ mice was due to starvation. Fasting did not change Cyp27b1 expression in Vdr Ϫ/Ϫ mice (data not shown). These findings indicate that the Cyp27b1 decrease in Vdr Ϫ/Ϫ mice exposed to hypergravity is mediated by a starvation-and VDR-independent mechanism. Interestingly, induction of Hmgcs2 by hypergravity was diminished in Vdr Ϫ/Ϫ mice (Fig.  6B) . Expression of Hmgcs2 was also decreased in fasted intestinal mRNA expression of Cyp24a1, calbindin D9k, Trpv6, and Vdr. ICR mice were maintained under the 1G control condition or 2G hypergravity with free access to water and food for 2 days and were treated with vehicle control (Ϫ) (n ϭ 5 for 1G; n ϭ 6 for 2G) or 1␣-hydroxyvitamin D3 [1␣(OH)D3 (D3)] (ϩ) (n ϭ 6 for 1G; n ϭ 6 for 2G) via ip injection for the last 16 h. Values for normalized mRNA expression are relative to those of 1G control mice treated with 1␣(OH)D3. Variables were compared using a 2-way repeatedmeasures ANOVA. *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001.
Vdr
Ϫ/Ϫ mice compared with fasted Vdr ϩ/ϩ mice (data not shown). VDR may be involved in regulation of Hmgcs2 expression.
Effect of hypergravity on plasma vitamin D levels in ICR mice. CYP24A1 hydroxylates 1,25(OH) 2 D 3 and its precursor 25(OH)D 3 to inactive 24-hydroxylated metabolites, and CYP27B1 is involved in 1␣-hydroxylation of 25(OH)D 3 to generate 1,25(OH) 2 D 3 (14) . VDR activation by 1,25(OH) 2 D 3 induces increased Cyp24a1 and decreased Cyp27b1 expression, a feedback mechanism in vitamin D signaling (6, 15) . We examined the effect of hypergravity on plasma levels of 1,25(OH) 2 D 3 and 25(OH)D 3 in ICR mice. Plasma levels of 1,25(OH) 2 D 3 were decreased in mice subjected to 2G hypergravity for 2 days (Fig. 7) . Hypergravity did not change plasma 25(OH)D 3 levels. Thus hypergravity modulates vitamin D metabolism.
DISCUSSION
In this study, we found that exposure to 2G hypergravity increases Cyp24a1 expression and decreases Cyp27b1 expression in the kidney of ICR mice. Although Cyp24a1 expression was increased in the kidney of C57BL/6J mice exposed to 2G hypergravity, Cyp27b1 expression was transiently increased at 6 h in these mice. Because hypergravity stress suppresses food intake, these changes of gene expression could potentially be due to either hypergravity or associated starvation. Fasting mice increased renal Cyp27b1 expression but not Cyp24a1 expression. These findings indicate that hypergravity, but not starvation, induces Cyp24a1 and decreases Cyp27b1 expression. Hypergravity strongly inhibited the food intake of C57BL/6J mice, suggesting a strain difference in tolerance to hypergravity stress. Increased Cyp27b1 expression in C57BL/6J mice exposed to hypergravity is likely secondary to associated responses, such as starvation, and this effect may mask the direct effect of hypergravity on Cyp27b1 expression in C57BL/6J mice. Because 1,25(OH) 2 D 3 induces Cyp24a1 and decreases Cyp27b1 expression (6, 15) , the effects of hypergravity and VDR activation on Cyp24a1 and Cyp27b1 are similar. Hypergravity did not increase the expression of other VDR target genes, such as calbindin D9k, Trpv5, and Trpv6, in the kidney of ICR mice, suggesting that changes in Cyp24a1 and Cyp27b1 expression are not due to increased 1,25(OH) 2 D 3 production. This is consistent with the finding that plasma levels of 1,25(OH) 2 D 3 were decreased in ICR mice exposed to hypergravity. Increased CYP24A1 and decreased CYP27B1 enzyme expression represent a VDR autoregulatory mechanism and would lead to decreased 1,25(OH) 2 D 3 levels. Although 1␣(OH)D 3 treatment induced VDR target gene expression in the kidney of 2G hypergravity-exposed ICR mice as effectively as in controls, the increase in intestinal Cyp24a1 expression was enhanced by hypergravity. Vitamin D-induced expression of intestinal calbindin D9k and Trpv6 was not enhanced by hypergravity. Although the Cyp24a1 gene may be more sensitive to vitamin D signaling than other target genes, our previous study shows that 1,25(OH) 2 D 3 induces TRPV6 more potently than CYP24A1 in colon cancer cells (13) . These findings suggest that hypergravity modulates vitamin D signal- Fig. 4 . Effects of 2-wk exposure to 2G hypergravity in ICR mice. A: body weight change. Variables were compared using 2-way repeated-measures ANOVA with time (days) and interventions (1G and 2G). *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001 vs. 1G control mice. B: renal mRNA expression of Cyp24a1 and Cyp27b1. ICR mice were maintained under 1G control conditions or 2G hypergravity with free access to water and food for 14 days, and were treated with vehicle control (Ϫ) (n ϭ 6 for 1G; n ϭ 6 for 2G) or 1␣(OH)D3 (D3) (ϩ) (n ϭ 6 for 1G; n ϭ 6 for 2G) via ip injection for the last 16 h. Values for normalized mRNA expression are relative to those of 1G control mice treated with 1␣(OH)D3. *P Ͻ 0.05 and ***P Ͻ 0.001. Fig. 5 . Effect of exposure of 2G hypergravity in C57BL/6J mice. A: body weight change and food intake under 1G (n ϭ 4) or 2G (n ϭ 4). Variables were compared using a 2-way repeated-measures ANOVA with time (days) and interventions (1G and 2G). *P Ͻ 0.05 and ***P Ͻ 0.001 vs. 1G control mice. ###P Ͻ 0.001 vs. 0-day mice. B: renal mRNA expression of Cyp24a1 and Cyp27b1. C57BL/6J mice were maintained under 2G hypergravity with free access to water and food and were killed at the indicated time points (n ϭ 8 for each time). Values for normalized mRNA expression are relative to those without exposure to 2G hypergravity. Variables were compared using one-way ANOVA with time (0, 6, 12, 24, and 48 h). *P Ͻ 0.05 and **P Ͻ 0.01 vs. 1G control.
ing in a gene-selective and tissue-selective manner. VDR binds to regulatory elements in the Cyp24a1 gene promoter as a heterodimer with retinoid X receptor (22) , and other transcription factors, such as Ets-1, are involved in regulation of Cyp24a1 expression (4). Mitogen-activated protein kinase signaling pathways also modulate CYP24A1 transcription (3). Renal Cyp24a1 expression was not detected in Vdr Ϫ/Ϫ mice. It is unknown whether hypergravity affects VDR transcription factor complex or other regulators. Further studies are required to elucidate the mechanism of hypergravity-induced Cyp24a1 expression. Vdr Ϫ/Ϫ mice showed a hypergravity-induced decrease in Cyp27b1 expression, indicating that this hypergravity effect is VDR independent. Since the inhibition of Cyp27b1 by hypergravity seems to be more apparent in ICR mice than Vdr Ϫ/Ϫ mice, the involvement of VDR in Cyp27b1 regulation by hypergravity cannot be ruled out. Osteoblastic MG-63 cells show a decreased response to 1,25(OH) 2 D 3 under microgravity (2, 18, 26) . Exposure to 12G hypergravity increases the mRNA expression of VDR and its target gene, osteocalcin, in rat osteoblasts (23) . Thus microgravity decreases and hypergravity increases expression of some VDR target genes. VDR activation and/or the induction of VDR target genes involved in calcium metabolism may be associated with a gravity-regulated mechanism. Space flight increases urinary calcium excretion and decreases calcium absorption (29) . Calcium intake and vitamin D supplementation increase blood calcium levels but decrease 1,25(OH) 2 D 3 levels during space flight (7) . Microgravity is suggested to decrease 1,25(OH) 2 D 3 levels by a different mechanism from hypergravity, such as decreased metabolic activation of vitamin D 3 . Gravity stress may be required for the efficient regulation of calcium homeostasis by the vitamin D-signaling cascade. Further studies are required to elucidate gravity-responsive signaling pathways and the potential application of VDR ligands in space medicine.
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